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This paper reports the effect of the addition of 1 wt% Al into 100Sn, 96.5Sn–3.5Ag (SA) and 95.5Sn–3.8Ag–
0.7Cu (SAC) solders, on growth rates of intermetallic compound (IMC) layers between the solders and a
Cu substrate. During reﬂow at 260 C under 2%H298%N2 forming gas for 5–120 min, the most pronounced
reduction in IMC growth was observed in the SAC–1Al/Cu system. This was accompanied with the evo-
lution of a layer of g2 (AlCu) IMC which was ﬁrst formed within the bulk of the solder, then migrated
towards and gradually replaced the previously formed g (Cu6Sn5) and e (Cu3Sn) IMCs at the solder/Cu
interface, and was ﬁnally transformed into d (Al2Cu3) IMC and dispersed into the bulk of the solder again.
A similar reduction in growth and associated evolution of IMCs was observed in the SAC–1Al/Cu samples
subjected to thermal ageing at 170 C under air for 24–2096 h.
 2012 Elsevier B.V. Open access under CC BY license.1. Introduction
With higher levels of integration and increased power densities,
electronic assemblies and systems are required to function reliably
at elevated temperatures. In the various electronic assemblies and
systems, near-eutectic Sn–Ag–Cu and Sn–Ag solders are widely
used to attach semiconductor devices on supporting substrates for
supplying thermal, electrical and mechanical connections [1–3].
However, the solder joints are generally weak points leading to fail-
ure of electronic assemblies and systems operated at temperatures
above 125 C [4]. This is because the solders are prone to creep at
elevated temperatures and the accumulation of plastic work leads
to crack initiation and propagation [3,5]. Rapid growth of interme-
tallic compounds (IMCs) between the solders and the contact met-
allizations on both the semiconductor devices and the supporting
substrates may also take place, resulting in brittle fracture of the
joints [2,6]. This is especially true when an electronic system is sub-
jected to deep thermal cycling, vibration and/or shock loadings [7].
Several materials and processes under research and develop-
ment may be used as potential alternatives to improve the reliabil-
ity of solder joints in electronic assemblies and systems operated at
elevated temperatures. These include transient liquid phase (TLP)
soldering [8–10], sintering of Ag particles and nano-particles
[11], nano-particle reinforced solders [12,13], emerging solder
alloys [14,15], local brazing [16], and liquid solder joint [17]. Ofx: +44 115 951 5616.
Y license.these, powder-based TLP soldering [10], nano-particle reinforced
solders and emerging solder alloys are more compatible with the
conventional solder reﬂow process. The other materials and pro-
cesses may have greater beneﬁts, but require some modiﬁcation
of the conventional solder reﬂow process.
The motivation behind developing and using nano-particle rein-
forced solders and emerging solder alloys to improve reliability of
solder joints are: (i) to reﬁne the microstructure, slow down the
growth of interface IMCs and (ii) improve the mechanical proper-
ties at elevated temperatures. For example, Co, Ni and Pt nano-
particles added into Sn–Ag based solders were found to be effective
in reducing the growth of IMCs between the solders and Cu contact
metallization and to improve the drop test performance [12].
Addition of rare-earth (RE) Er into Sn–Ag–Cu solder may reﬁne
the microstructure of the solder matrix and eliminate crack nucle-
ation and propagation of the solder joints on Cu during the aging
process at 170 C for 1000 h [15].
Cu is used extensively in lead-frames, lead-traces, contact met-
allization on printed circuit boards (PCBs) and increasingly as an
interconnection layer on semiconductor devices [1,2]. There is a
wealth of studies on the kinetics of IMC growth between solid
Sn-based solders and various types of Cu contact metallizations
under thermal ageing [2,5,18]. The IMCs formed during the solder-
ing process also play an important role in the wettability of solders.
Thus there are some studies of IMC formation between molten sol-
ders, including Sn–Ag–Cu, Sn–Pb, Sn–Ag, Sn–Sb, Sn–Zn, Sn–Bi and
pure Sn, and various contact metallizations containing Cu [18–21].
Results from these studies show that the IMC growth rates in these
solder/Cu systems are rather high.
Fig. 1. SEM images taken from the polished cross sections of the three as-fabricated Al-alloyed solders: (a) Sn1Al, (b) SA1Al and (c) SAC1Al.
Fig. 2. Schematic illustration of pressure applied on the Al-alloyed solder/Cu
samples during the reﬂow process.
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of IMCs at the solder/Cu interfaces are quite complicated. When
trace Co, Ni and Pt nanoparticles were added into Sn–Ag solder, they
were found to dissolve into the Cu–Sn IMCs and effectively reduce
their growth at the solder/Cu interface [12]. When trace Co nano-
particles were added into Sn–Ag–Cu solder, Co was found to dis-
solve into Cu6Sn5 IMC, which suppressed the growth of Cu3Sn
IMC, but enhanced the growth of Cu6Sn5 IMC at the solder/Cu inter-
face [22]. On the addition of 0.5–1.0 wt% Zn into Sn–Ag–Cu solder on
Cu substrate, Cu3Sn IMC was signiﬁcantly suppressed and the mor-
phology of Cu6Sn5 grains was changed, leading to suppressed
Cu6Sn5 growth, while 1.5 wt% Zn added into Sn–Ag–Cu solder on
Cu substrate led to the nucleation of a Cu5Zn8 IMC layer at the inter-
face, followed bymassive spalling of the layer into the solder, form-
ing a barrier layer limiting Cu6Sn5 growth [23]. Both Mo and Al2O3
nanoparticles could preferably be absorbed at the boundaries of
Cu6Sn5 IMC scallops and suppress the growth of both Cu6Sn5 and
Cu3Sn IMC layers at the Sn–Ag–Cu solder/Cu interface [24,25]. In
addition, trace RE element Ce added into Sn–Ag–Cu solder might
slightly inﬂuence the growth of IMCs between the solder and Cu
substrate [26]. Alternatively, trace RE elements Ce and La could be
absorbed at the interfaces between Sn and Cu6Sn5 IMC layer, and
hence depress the activity of Sn and suppress the growth of Cu6Sn5
IMC in the SnBiAg-xRE/Cu samples during the reﬂow process [27].
In another particular previous study [28,29], it has been shown
that traces of Al may be added to the eutectic 42Sn–58Bi solder to
form a Cu–Al IMC layer that acts as a barrier to slow down further
reactions between the solder and Cu substrate under vacuum. In
the present work, 1 wt% of Al was added into the basic 100Sn,
96.5Sn–3.5Ag (SA) and 95.5Sn–3.9Ag–0.6Cu (SAC) solders to ob-
serve its effectiveness in forming a barrier layer that slows down
IMCgrowth. The Sn, SA and SAC solderswere chosen as the basic sol-
der alloys because they have higher melting points and can be used
at higher operating temperatures than the eutectic 42Sn–58Bi sol-
der. First, the IMC growth rates between the solders with 1 wt% Al
addition and a Cu substrate were examined during reﬂow at
260 C under 2%H298%N2 forming gas for times of 5–120 min. Thenthe solid state interfacial reaction in the SAC–1Al/Cu system, which
exhibited the lowest IMC growth rate during the reﬂowprocess,was
further investigated by isothermal ageing at 170 C in air and the re-
sults were compared with those obtained from the SAC/Cu system.
Following the description of the experimental procedure, this
paper presents results for the interfacial reaction between the mol-
ten SA and SAC solders and Cu substrate during the reﬂow process
to provide a benchmark for IMC growth rates between the various
solders with 1 wt% Al addition and the Cu substrate. Then IMC
growth in the Sn–1Al/Cu, SA–1Al/Cu and SAC–1Al/Cu systems, dur-
ing identical reﬂow conditions, are presented and analysed, with
focus on the effect of 1 wt% Al addition on the IMC growth rates.
This is followed by a comparison and analysis of the solid state
interfacial reactions in the SAC/Cu and SAC1Al/Cu systems during
isothermal ageing. Finally, the results obtained are discussed in
the context of studies of the interfacial reactions between Sn-based
solders and the Cu substrate.
2. Experimental procedure
2.1. Materials
The basic Sn, SA and SAC solder alloys used were commercially available
3.2 mm diameter 99.95% pure Sn wire (Alfa Aesar), 0.1 mm thick eutectic 96.5Sn–
3.5Ag foil (Indium Corporation) and near eutectic 95.5Sn–3.8Ag–0.7Cu solder paste
Fig. 3. SEM images taken from the polished cross sections of the SA/Cu samples reﬂowed at 260 C for: (a) 5 min and (b) 120 min.
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so as not to contaminate the vacuum reﬂow oven. This was done by reﬂowing the
solder paste at 260 C in air for 5 min and then cleaning it with acetone. The alloyed
Sn-based solders with 1 wt% Al addition, subsequently referred to as Sn1Al, SA1Al
and SAC1Al, were fabricated in-house by dissolving the corresponding amount of
Al (Al–Mg alloy 5052, Alfa Aesar) into the basic solder alloys at 700 C for 30 min.
In order to prevent solder oxidization, fabrication for the three Al-alloyed solders
was carried out in evacuated and sealed Pyrex glass tubes. Fig. 1 presents scanning
electron microscopy (SEM) images showing the microstructures of the three as-fab-
ricated Al-alloyed solders. It was hard to ﬁnd any Al in the Sn1Al solder (Fig. 1a).
Energy-dispersive X-ray spectroscopy (EDXS) microanalysis revealed that the Al
addition in the SA1Al solder is in the form of n (Ag0.64Al0.36) IMC (Fig. 1b), while that
in the SAC1Al solder in the form of both g2 (AlCu) and n (Ag0.65Al0.35) IMCs (Fig. 1c).
Thus, Ag and Cu existing in the basic SA and SAC solder alloys have acted as effec-
tive vehicles for the added Al to be alloyed into the solders.
The Cu substrate used was commercially available, 1 mm thick, 99.9% pure Cu
foil (Alfa Aesar). It was cut into the coupons of 12  10  1 mm in size. The cut
Cu coupons were ﬁrst polished using 15, 3 and 1 lm diamond slurries, then cleaned
using 15% HNO3 solution under ultrasonic support, and ﬁnally rinsed using deion-
ised water and acetone.2.2. Preparation of samples
For all the SA, SAC, Sn1Al, SA1Al and SAC1Al solder alloys, 0.3 g of diced solder
was placed on each of the cleaned Cu coupons to prepare the samples with a solder
layer approximately 1 mmmaximum thickness. After the solder pieces were placed
on the Cu coupons, they were put into a vacuum reﬂow oven which was ﬁrst pre-
heated up at 200 C and evacuated below 5 mbar for 3 min, and then held at the
same temperature and purged with 2%H298%N2 forming gas (450 L/min at
1.5 bar) for 5 min. The reﬂow was ﬁnally done at 260 C for 5, 10, 20, 40, 60, 90
or 120 min, also under the forming gas ﬂow of 450 L/min at 1.5 bar, before being
cooled down to room temperature within 3 min. During the reﬂow process, a slight
pressure was also applied by placing an Al cylinder on the Sn1Al, SA1Al and SAC1Al
solder alloys to improve their spreading and wettability on the Cu coupons. This is
illustrated schematically in Fig. 2.
As presented below, the SAC1Al/Cu system was found to have the lowest
growth rate of IMCs during the reﬂow process. The SAC1Al/Cu samples, as well as
SAC/Cu sample, that were reﬂowed at 260 C for 10 min were further subjected
to isothermal ageing at 170 C in air for 24, 48, 96, 191, 384, 768 and 2096 h to
investigate the solid state interfacial reactions.
Metallographic cross-sections of the reﬂowed samples and the samples after
isothermal ageing were prepared for identiﬁcation and thickness measurement of
IMCs. The samples were mounted in epoxy resin that was cured at room tempera-
ture for 24 h. The mounted samples were then successively ground with 400, 800,
1000, 1200 and 2400 grit SiC papers and ﬁnally polished using diamond slurries of
3 lm and 1 lm for 10 min and 5 min, respectively.2.3. Identiﬁcation and thickness measurement of IMCs
A JEOL 6400 SEM using the backscattered electron signal was employed to ob-
serve and analyze the microstructural features and take the corresponding images
from the polished cross-sectional samples. The IMCs formed between the solders
and the Cu substrate were identiﬁed using an Oxford Instruments ISIS EDXS micro-
analysis system ﬁtted on the SEM. Then the thicknesses of the IMC layers were mea-
sured using an image analysis method as detailed elsewhere [30,31]. The image
analysis was done utilizing the Image Processing Toolbox Version 5.0.0 of MATLAB
R14SP2 (The Mathworks). For each sample, three images of 512  416 pixels in res-
olution, two of 236  192 lm or 118  91 lm and one of 118  91 lm or47  38 lm in size, were used and the obtained data series were merged together
for further statistical analysis. The resulting thicknesses were given in terms of
mean and 95% conﬁdence interval.3. Results
3.1. Interfacial reactions during reﬂow process
3.1.1. SA/Cu and SAC/Cu systems
SEM images and EDXS analysis revealed that the interfacial
microstructure was similar in the SA/Cu and SAC/Cu samples.
Two distinct layers of IMCs at the solder/Cu interfaces were ob-
served in all the SA/Cu and SAC/Cu samples reﬂowed for times of
5–120 min. Fig. 3 presents the SEM images taken from the polished
cross sections of two SA/Cu samples. As shown in Fig. 3, a thicker
layer of g-phase (Cu6Sn5) compound consisting of scalloped grains
was formed at the solder side, and a thinner layer of e-phase
(Cu3Sn) compound was formed at the Cu side. In addition to these
layered IMCs, some relatively smaller and needle-like Cu6Sn5
grains were observed within the bulk of the solder (Fig. 3b). Occa-
sionally, needle-like Ag3Sn grains were also found within the bulk
of solder (Fig. 3b).
The results of the thicknesses of the Cu6Sn5 and Cu3Sn layers in
the reﬂowed SA/Cu and SAC/Cu samples measured using the image
analysis method are presented in Figs. 4 and 5, as a function of
square root of reﬂow time. Here and also in what follows, the dis-
persive IMC grains within the bulk of the solders are not included
in the calculation of the thicknesses. The mean thicknesses of the
Cu6Sn5 and Cu3Sn layers in both the SA/Cu and SAC/Cu systems in-
crease with increase in reﬂow time.
Comparing the thicknesses of IMCs in the two systems, the
mean thickness of the Cu6Sn5 layer in a SAC/Cu sample is 1.2 to
1.9 lm thicker than that in the corresponding SA/Cu sample. The
experimental points of the Cu6Sn5 IMC layer in the SA/Cu system
ﬂuctuate around a linear pattern more than those of the Cu6Sn5
IMC layer in the SAC/Cu system. By contrast, the thickness of the
Cu3Sn layer is slightly thicker than, or similar to, that in the corre-
sponding SA/Cu sample reﬂowed under an identical condition.
3.1.2. Sn1Al/Cu system
With 1 wt% Al added into pure Sn, no change occurred in the
formation of IMCs at the solder/Cu interfaces when compared to
the SA/Cu and SAC/Cu systems, with the exception of the Sn1Al/
Cu sample reﬂowed at 260 C for 120 min (Fig. 6). However, the
growth rates of both Cu6Sn5 and Cu3Sn layers had somewhat been
reduced. In the Sn1Al/Cu sample reﬂowed at 260 C for 40 min, a
thin layer of Al–Cu IMC, identiﬁed as c (Al0.33Cu0.67) IMC using
EDXS, was found to form within the bulk of the solder (Fig. 6b).
In the Sn1Al/Cu sample reﬂowed at 260 C for 120 min, part of
the interface consisted of two adjacent Cu6Sn5 and Cu3Sn layers,
Fig. 4. Plots of thickness versus square root of time for IMCs formed at interfaces in
the SA/Cu samples during the reﬂow process at 260 C.
Fig. 5. Plots of thickness versus square root of time for IMCs formed at interfaces in
the SAC/Cu samples during the reﬂow process at 260 C.
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(Al0.33Cu0.67) IMC (Fig. 6d). It was especially noted that the con-
sumption rate of the substrate Cu at the former part of the inter-
face was signiﬁcantly higher, about 50 lm more being consumed,
than that at the latter part of the interface. Many c (Al0.33Cu0.67)
grains were also observed around the top part of the solder
(Fig. 6d).
Results of the thicknesses of the layered Cu6Sn5, Cu3Sn and c
Al–Cu IMCs measured in the reﬂowed Sn1Al/Cu samples are pre-
sented in Fig. 7. Here and also in what follows, the measured thick-
nesses for the layered Al–Cu IMC within the bulk of the solder are
given as those of the Al–Cu IMC within solder matrix. In the case of
two different types of interfacial microstructure, e.g. where part of
the interface consisted of two adjacent Cu6Sn5 and Cu3Sn layers,
while the other part of the interface consisted of a thinner layer
of Al–Cu IMC, were observed in one sample, two points of total
interface IMCs are accordingly given. As a whole, the mean thick-
nesses of both Cu6Sn5 and Cu3Sn layers ﬂuctuate with respect to
reﬂow time. Nevertheless, the total thickness of the IMCs at the
solder/Cu interface in one Sn1Al/Cu sample is clearly smaller than
that in the corresponding SA/Cu and SAC/Cu samples reﬂowed for
an identical time.3.1.3. SA1Al/Cu system
With 1 wt% Al added into the eutectic Sn–Ag solder, Cu6Sn5 and
Cu3Sn were also the IMCs formed at the interfaces (Fig. 8). How-
ever, Al–Cu-containing IMCs were observed in more SA1Al/Cu
samples than the Sn1Al/Cu samples. They included the samplesreﬂowed at 260 C for 5, 10, 20 and 40 min. Dispersive Al–Cu-
containing grains tending to form layered IMC were found in the
bulk of the solder in the sample reﬂowed for 5 min (Fig. 8a). A layer
of Al–Cu-containing IMC existed in the bulk of the solder in the
samples reﬂowed for 10, 20, and 40 min, and existed as the only
IMC at the interface in another sample reﬂowed for 20 min. Certain
amounts of Sn were detected using EDXS in this Al–Cu-containing
IMC. This may be due to the effect of EDXS beam spreading, and
may not reﬂect the composition of the IMC layer alone. The Cu–
Sn-containing IMCs could be either Al–Cu–Sn IMCs or Al–Cu IMCs.
Results of the thicknesses of the layered IMCs in the reﬂowed
SA1Al/Cu samples are shown in Fig. 9. The mean thicknesses of
Cu6Sn5, Cu3Sn and Al- Cu-containing IMCs, as well as the total
thicknesses of the IMCs at the solder/Cu interface, in these re-
ﬂowed SA1Al/Cu samples are more or less similar to those for
the reﬂowed Sn1Al/Cu samples. Also similarly, the mean thick-
nesses of both Cu6Sn5 and Cu3Sn layers ﬂuctuate with respect to
reﬂow time.
3.1.4. SAC1Al/Cu system
In most reﬂowed SAC1Al/Cu samples, two adjacent Cu6Sn5 and
Cu3Sn layers were the IMCs which formed at the interfaces
(Fig. 10). With the exception of the sample reﬂowed at 260 C for
40 min, layered Al–Cu IMCs were formed in all the other reﬂowed
SAC1Al/Cu samples. In the sample reﬂowed for 5 min, part of the
interface consisted of two adjacent Cu6Sn5 and Cu3Sn layers, and
layered Al–Cu IMC, identiﬁed as g2 (AlCu) phase using EDXS, was
found in the bulk of the solder (Fig. 10a). The other part of the
interface consisted of g2 (AlCu) IMC plus extremely thin residual
Cu3Sn at the Cu substrate side, where approximately 30 lm less
Cu had been consumed than at the former part of the interface
(Fig. 10a). In one sample reﬂowed for 10 min, the interface con-
sisted of adjacent Cu6Sn5 and Cu3Sn layers, and layered AlCu IMC
was formed within the bulk of the solder. In another sample re-
ﬂowed for 10 min, only g2 (AlCu) layer was observed at the inter-
face (Fig. 10b). In the SAC1Al/Cu samples reﬂowed for times longer
than 10 min, layered Al–Cu IMCs, if present, were all identiﬁed as d
(Al2Cu3) phase using EDXS.
Results of the thicknesses of the layered IMCs in the reﬂowed
SAC1Al/Cu samples are shown in Fig. 11. Similar to those in
Fig. 9, the mean thicknesses of the layered IMCs ﬂuctuate with re-
spect to reﬂow time. On the whole, the thicknesses of Cu6Sn5 and
Cu3Sn and the total thicknesses of IMCs at the interfaces are further
reduced when compared to those in the corresponding Sn1Al/Cu
and SA1Al/Cu samples.
3.2. Interfacial reactions during isothermal ageing
3.2.1. SAC/Cu system
With increase in ageing time at 170 C, the interface between
the Cu6Sn5 layer and SAC solder in the SAC/Cu samples gradually
became planar compared to the as-reﬂowed SAC/Cu sample
(Fig. 12). However, a few protruding Cu6Sn5 grains were still on
the Cu6Sn5 layer in the SAC/Cu sample even after an ageing time
of 2076 h (Fig. 12b).
The results of the thicknesses of the Cu6Sn5 and Cu3Sn layers in
the aged SAC/Cu samples are presented Fig. 13. For aging times be-
tween 24 and 191 h, the mean thickness of the Cu6Sn5 layer ap-
pears to be thinner than that of the as-ﬂowed sample. For ageing
times of 384–2096 h, the mean thickness of the Cu6Sn5 layer in-
creases with increasing ageing time. By contrast, the mean thick-
ness of Cu3Sn layers increases with ageing time from the start.
Comparing the mean thicknesses of the Cu6Sn5 and Cu3Sn layers,
the ratio of the former to the latter decreases with increasing the
ageing time, and the former becomes thinner than the latter at
an ageing time of between 384 and 768 h.
Fig. 6. SEM images taken from the polished cross sections of the Sn1Al/Cu samples reﬂowed at 260 C for: (a) 10 min, (b) 40 min, (c) 90 min and (d) 120 min.
Fig. 7. Plots of thickness versus square root of time for IMCs formed at interfaces in
the Sn1Al/Cu samples during the reﬂow process at 260 C.
Fig. 8. SEM images taken from the polished cross sections of the SA1
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In the SAC1Al/Cu sample aged for 24 h, a layered g2 (AlCu) IMC
was still within the bulk of the SAC1Al solder (Fig. 14a). With the
exception of the sample aged for 384 h, a layer of g2 (AlCu) IMC
was observed at part or across the entire interface in the samples
aged for the times between 48 and 768 h (Fig. 14b). In the sample
aged for 384 h, a layer of g2 (AlCu) IMC, 1.39 lm in mean thickness,
was found within the bulk of the solder. On the other hand, in the
sample aged for 2096 h, the layered Al–Cu IMC was found to move
back into the bulk of the solder and gradually be transformed into
dispersive d (Al2Cu3) IMC grains. Consequently, two adjacent layers
of Cu6Sn5 and Cu3Sn IMCs were formed again at the interface
(Fig. 14 c).
Results of the thicknesses of the layered IMCs in the aged SA-
C1Al/Cu samples are presented in Fig. 15. Similar to the results
for the reﬂowed SAC1Al/Cu samples in Fig. 11, the mean thick-
nesses of these IMC layers ﬂuctuate signiﬁcantly with respect to
ageing time. On the whole, the thicknesses of Cu6Sn5 and Cu3Sn
and the total thicknesses of IMCs at the interfaces are signiﬁcantly
lower than those in the corresponding SAC/Cu samples (Fig. 13).Al/Cu samples reﬂowed at 260 C for: (a) 5 min and (b) 120 min.
Fig. 9. Plots of thickness versus square root of time for IMCs formed at interfaces in
the SA1Al/Cu samples during the reﬂow process at 260 C.
Fig. 11. Plots of thickness versus square root of time for IMCs formed at interfaces
in the SAC1Al/Cu samples during the reﬂow process at 260 C.
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4.1. Interfacial reactions during reﬂow process
4.1.1. Growth of Cu6Sn5 and Cu3Sn in SA/Cu and SAC/Cu systems
The interfacial structures formed between molten Sn–3.5Ag,
Sn–3.8Ag–0.7Cu solders and Cu substrates have previously been
reported by a number of authors [18,20,21,32]. The present inter-
facial structure of two layers of IMCs Cu6Sn5 and Cu3Sn is the same
as that reported by Takaku et al. [21] for the interfacial reaction be-
tween molten Sn–3.5Ag solder and Cu substrate at 250 C for times
ranging from 1 min to 5 h. It is also the same as those reported by
Liang et al. [32] for the interfacial reaction between molten Sn–
3.5Ag and Sn–3.8Ag–0.7Cu solders and a Cu substrate at 225–
280 C for times longer than 3 min down to times longer than
30 s, respectively. In other studies of the IMCs formed between
molten Sn–3.5Ag and Sn–3.5Ag–0.7Cu solders and Cu substrates
at 250 C for times of 10–90 s, only a single layer of Cu6Sn5 wasFig. 10. SEM images taken from the polished cross sections of the SAC1Al/Cobserved [18,20]. These studies showed that a high superheat, i.e.
a temperature above the liquidus temperature of the solder and/
or a longer time, would favor the formation of two adjacent Cu6Sn5
and Cu3Sn layers at the molten solder/substrate interface. The for-
mation of an interfacial structure of two layers of IMCs, Cu6Sn5 and
Cu3Sn, observed in the present SA/Cu and SAC/Cu systems can be
explained because the growth of Cu3Sn during all experimental
temporal scales appears to be diffusion-controlled [2,5,6,18]. The
formation of Cu3Sn occurs because diffusion-controlled growth im-
plies that all IMCs of the phase diagram should appear in the cor-
responding proportions according to time and local composition.
The thicknesses of the Cu6Sn5 and Cu3Sn presented in Figs. 4
and 5 are in good agreement with those of Cu6Sn5 and Cu3Sn
formed between the molten Sn–3.5Ag and Sn–3.8Ag–0.7Cu solders
and a Cu substrate at 260 C for similar reﬂow times, as reported in
Ref. [32]. During the early reﬂow stage, the formation and growth
of Cu6Sn5 and Cu3Sn IMCs is quite complicated and may involve
multiple simultaneous processes [11–14]. These may include theu samples reﬂowed at 260 C for: (a) 5 min, (b) 10 min and (c) 20 min.
Fig. 12. SEM images taken from the polished cross sections of the SAC/Cu samples aged at 170 C for: (a) 0 h and (b) 2076 h.
Fig. 13. Plots of thickness versus square root of time for IMCs formed at interfaces
in the SAC/Cu samples during thermal ageing at 170 C.
Fig. 14. SEM images taken from the polished cross sections of the SAC1Al/Cu samples aged at 170 C for: (a) 24 h, (b) 48 h and (c) 2076 h.
Fig. 15. Plots of thickness versus square root of time for IMCs formed at interfaces
in the SAC1Al/Cu samples during thermal ageing at 170 C.
76 J.F. Li et al. / Journal of Alloys and Compounds 545 (2012) 70–79dissolution of Cu atoms from the Cu substrate and/or the formed
Cu6Sn5 IMC into the liquid Sn-based solder, the reaction between
Cu atoms and Sn atoms, the precipitation/nucleation of Cu–SnIMCs on the top of Cu substrate, the solidiﬁcation of Cu–Sn IMCs
from supersaturated liquid solder, and lattice and/or grain bound-
ary diffusion of Cu and Sn atoms in the formed Cu–Sn IMCs.
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urated by Cu atoms earlier than the SA solder. The reduction in
thickness of Cu6Sn5 due to dissolution into the SAC solder was low-
er in the SAC/Cu sample than in the SA/Cu sample during the early
reﬂow stage. On the other hand, the concentration of Cu in the
molten SAC solder might be closer to the saturation concentration
due to the existence of 0.7% Cu, or the saturation concentration of
Cu in the molten SAC solder is a little higher than for the SA solder
due to the additional 0.3% Ag [33]. Either of these would lead to
more supersaturated Cu atoms contributing to the epitaxial growth
of previously formed Cu6Sn5 scallops at the interface during the
solidiﬁcation of the molten SAC solder. As a result, the mean thick-
ness of the Cu6Sn5 layer in the SAC/Cu sample is 1.2 to 1.9 lm
thicker, while the thickness of the Cu3Sn layer is slightly thicker
than or similar to that in the corresponding SA/Cu sample reﬂowed
under an identical condition.
In addition, grain boundary grooving, grain coarsening, grain
faceting and grain coalescing inﬂuence the growth kinetics of the
IMCs [15]. It is also arguable that solidiﬁcation of the IMC from
the supersaturated liquid solder may still contribute the growth
of the Cu6Sn5 and Cu3Sn IMCs during the prolonged reﬂow stage
to some extent. The precipitation out of the Cu atoms supersatu-
rated in the liquid solder took place when the samples were cooled
down from the reﬂow temperature, part of which might cause epi-
taxial growth of the previously formed Cu6Sn5 scallops at the inter-
faces. Because these complicated mechanisms might have been
involved in the growth kinetics and the resulting thicknesses are
just used as benchmarks in the present work, no attempt will be
made to model the growth kinetics of Cu6Sn5 and Cu3Sn IMCs in
the SA/Cu and SAC/Cu systems.
4.1.2. Effect of Al addition on IMC growth
With the addition of 1 wt% Al into pure Sn solder, Al-containing
IMC, c (Al0.33Cu0.67), was found in only two of the seven reﬂowed
Sn1Al/Cu samples. This may be due to the fact that the addition
of 1 wt% Al was not distributed uniformly within the as-prepared
Sn1Al solder. Further evidence can be provided by the EDXS result
which failed to defect Al in three polished 5  3 mm Sn1Al solder
samples that were randomly cut from an as-prepared Sn1Al solder
clump approximately of / 15  10 mm in size.
The growth rates of IMCs in all the reﬂowed Sn1Al/Cu samples
were lower than the corresponding SA/Cu samples (Figs. 4 and 7).
This may be due to the fact that the saturation concentration of Cu
in the molten Sn1Al solder may be higher than in the SA solder.
Consequently, the Cu6Sn5 IMC formed during the early stages of
the reﬂow process was dissolved into the Sn1Al solder more than
into the SA solder. This led to a corresponding reduction in the
thicknesses of Cu6Sn5 in the reﬂowed Sn1Al/Cu samples. Another
possibility was the reduction in activity of Sn due to the existence
of trace Al within the molten solder though not detected using
EDXS. On the other hand, a clearly lower consumption rate of Cu
substrate under the c (Al0.33Cu0.67) IMC compared to the other
parts of the interface reveals that this layer of Al-containing IMC
can act as an effective barrier to slow down the interfacial reaction
(Fig. 6d).
With the addition of 1 wt% Al into the basic SA solder, Al-
containing IMCs, Al–Cu–Sn or Al–Cu IMCs, were found in more
SA1Al/Cu samples than c (Al0.33Cu0.67) IMC found in the Sn1Al/Cu
samples (Figs. 7 and 9). This indicates that the Ag in the basic SA
solder, acting as a vehicle to carry the Al, had improved the unifor-
mity of Al within the SA1Al solder to some extent. In the reﬂowed
SA1Al/Cu samples, the reduced growth rates of IMCs compared
with those in the reﬂowed SA/Cu samples can be ascribed to either
of the following two reasons. If the Al-containing IMC never
reached the interface between the molten solder and Cu substrate
in a SA–1Al/Cu sample, one possibility is a reduction in activity ofSn due to the existence of trace Al within the molten solder. An-
other possibility is reduction in reaction time for the relatively ra-
pid growth of two adjacent Cu6Sn5 and Cu3Sn layers at the
interface of a SA1Al/Cu sample. In this case, the layered Al-contain-
ing IMC migrated towards and replaced the Cu6Sn5 and Cu3Sn lay-
ers, and then stayed at the interface for some time.
Of the SAC1Al/Cu samples, only in the one reﬂowed for 40 min
was no layered Al-containing IMC found. Thus, the Cu and Ag in the
basic SAC solder, acting as vehicles for the Al, had further improved
the uniformity of Al within the as-fabricated SAC1Al solder. Com-
paring the compositions and locations of the Al-containing IMCs
in the different samples, they clearly evolved with reﬂow time as
follows: a layered g2 (AlCu) IMC was ﬁrst formed within the bulk
of the molten SAC1Al solder; then it gradually migrated towards
and reached the interface with the Cu6Sn5 and Cu3Sn layers at a re-
ﬂow time of between 5 and 10 min; after this, it gradually replaced
the Cu6Sn5 and Cu3Sn layers at the interface for a time of 10 to
20 min; after ﬁnishing the replacement, it was transformed into
d (Al2Cu3) phase through a further reaction with Cu and ﬁnally
moved back into the bulk of the solder after a time of approxi-
mately 20 min. Therefore, the signiﬁcant reduction in growth rates
of IMCs in the reﬂowed SAC1Al/Cu samples compared with those
in the reﬂowed SA/Cu and SAC/Cu samples can be attributed to
the above evolution of the Al-containing IMCs during the reﬂow
process. This reduced the reaction time for the formation and
growth of the two adjacent Cu6Sn5 and Cu3Sn layers. Nonetheless,
the thickness of the Cu6Sn5 layer formed prior to the g2 (AlCu) IMC
reaching the interface was signiﬁcantly thinner than that in the
corresponding SAC/Cu and SA/Cu samples (Figs. 3a, 8a and 10a).
This reveals that a reduction in activity of Sn due to the existence
of trace Al in the molten solder was also an important mechanism
to reduce the growth rates of IMCs in the SAC1Al/Cu samples.
In the work of Nowottnick et al. [28,29], which was conducted
under vacuum conditions, traces of Al added into Sn–58Bi solder
promoted the formation of a stable Cu–Al IMC barrier layer at
the molten solder/Cu interface at 200 for 500 h. This is different
from the above evolution of Al-containing IMCs in the present
work. This difference may be caused by the different solder alloy,
or different reﬂow condition, or perhaps both of these.
In addition, even for the SAC1Al solder which was the best of
the three Al-alloyed solders investigated, the uniformity of Al with-
in the solder still needs to be further improved. This might be done
through re-manufacturing the as-fabricated SAC1Al solder clumps
into powder particles and then incorporating them into solder
pastes.
4.2. Interfacial reactions during isothermal ageing
4.2.1. IMC growth in SAC/Cu system
For the solid state interfacial reaction in the SAC/Cu samples
during isothermal ageing, the growth of two adjacent Cu6Sn5 and
Cu3Sn layers should mainly be controlled by the diffusion of Cu
and Sn atoms through the previously formed Cu6Sn5 and Cu3Sn
layers. However, a new growth equilibrium between Cu6Sn5 and
Cu3Sn layers had to be established during the early ageing stage
because the SAC/Cu samples had ﬁrst been reﬂowed at higher tem-
perature prior to isothermal ageing. This is why for aging times be-
tween 24 and 191 h, the mean thickness of the Cu6Sn5 layer is
thinner than that of the as reﬂowed sample.
Additional growth of the Cu6Sn5 layer was also caused by the
isolated Cu6Sn5 grains which were within the bulk of the solder
but close to the Cu6Sn5 layer. As aforementioned, these isolated
Cu6Sn5 grains were formed in the as-reﬂowed SAC/Cu samples be-
cause of precipitation out of supersaturated Cu atoms in the mol-
ten solder during the cooling stage of the reﬂow process. During
the isothermal ageing process, they might form a mass ﬂow due
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diffusion-controlled growth of the Cu6Sn5 layer. With increasing
ageing time, the number of isolated Cu6Sn5 grains was decreased
and/or they were further from the Cu6Sn5 layer at the interface.
As a result, their contribution to the growth of the Cu6Sn5 layer
was reduced. This explanation can be further supported by the pro-
truding Cu6Sn5 grains on the relatively planar Cu6Sn5 layer.
Nevertheless, themeasured thicknesses of the Cu6Sn5 and Cu3Sn
layers in the SAC/Cu samples during the isothermal ageing can be
described reasonably well with a numerical model developed for
the diffusion-controlled growth of two adjacent Cu6Sn5 and Cu3Sn
layers. The relevant detail is outside the scope of this paper, andwill
be reported elsewhere [34]. The extracted interdiffusion coefﬁ-
cients, Dint,Cu3Sn and Dint,Cu6Sn5, are respectively 8.25  1019 m2/s
and 9.97  1019 m2/s. They are both lower than all those interpo-
lated or extrapolated and calculated from the results of the Cu/Sn,
Cu/Cu6Sn5 and Cu3Sn/Sn diffusion couples as reviewed in Ref. [6].
This may be associatedwith the present reﬂow process under form-
ing gas used to prepare the as-reﬂowed samples. In a previous work
[18], it was reported that the activation energy of reaction rate con-
stant for the growth of Cu6Sn5 IMC in Sn–3.5Ag/Cu samples during
isothermal ageing depended on method of sample preparation. The
activation energy for the samples prepared using the dippingmeth-
od was found to be lower than that for the samples prepared using
the reﬂow method.
4.2.2. Effect of Al addition on IMC growth
The evolution of Al-containing IMC in the SAC1Al/Cu samples
aged in air was similar to that in the SAC1Al/Cu samples reﬂowed
under forming gas. With increasing ageing time, the layered g2
(AlCu) IMC previously in the bulk of the solder migrated towards
and replaced the Cu6Sn5 and Cu3Sn layers at the interface between
the solder and the Cu substrate. After staying at the interface for
some time, e.g., longer than one month, it was ﬁnally transformed
into d (Al2Cu3) IMC and moved back into the bulk of the solder at
an ageing time approximately of three months. The exception of
the SAC1Al/Cu sample aged for 384 h where the layered g2 (AlCu)
IMC was found within the bulk of the solder can be ascribed to the
fact that the distribution of the added Al was not uniform among
the solder pieces.
It is generally accepted that for any addition into the Sn-based
solders to inﬂuence Cu–Sn IMC growth in solid interfacial reac-
tions, it should either be soluble in the IMCs to change their stabil-
ity or in the solid Sn to change its activity [12,22,23]. Otherwise
there is no energetic way that the addition could have effect on
the driving forces for Sn and Cu diffusion through the Cu–Sn IMCs.
The present experimental results show that there is hardly any Al
detectable inside either of the Cu6Sn5 and Cu3Sn IMCs, rather there
is formation of additional g2 (AlCu) or d (Al2Cu3) IMC layers at the
interface or within the bulk of the solder. The layered g2 (AlCu) IMC
at the interface of an aged SAC1Al/Cu sample can act as an effective
barrier and thus reduce the total thickness of IMCs signiﬁcantly.
The total thickness of IMCs in the aged SAC1Al/Cu sample was also
clearly thinner than that in the corresponding SAC/Cu sample. In
this case, the existence of Al in the solder, albeit with low solubil-
ity, might reduce the activity of Sn involved in the interfacial reac-
tion. Therefore, addition of trace Al into the SAC solder is a valid
technique to slow down the growth rates of IMCs between the sol-
der and Cu substrate even when subjected to isothermal ageing in
air.
During the early stage, the g2 (AlCu) IMC layer within the bulk
of the solder was relatively Al-rich. Therefore, it was probably dri-
ven towards the interface to react with Cu and replaced the Cu6Sn5
and Cu3Sn layers at the interface between the solder and the Cu
substrate. Because of the limited supply of Al and more Cu diffu-
sion through the previously formed g2 (AlCu) IMC, the g2 (AlCu)IMC at the interface was ﬁnally transformed into the d (Al2Cu3)
IMC with increasing reaction time. The d (Al2Cu3) IMC layer is less
stable than g2 (AlCu) IMC at the interface, and thus gradually
moved back into the bulk of the solder.
In a recent study [35], 0.5 wt% to 2 wt% Al was added into
Sn–3.5Ag solder, and the solder/Cu and solder/NiP samples were
prepared by soldering in air at 260 C for 60 s and storage in air
at 150 C for up to 1000 h. It was found that with increasing the
concentration of Al in the solder, the concentration of Al–Cu and
Al–Ni IMC particles in the solder matrix increases, without affect-
ing the growth rates of Cu–Sn and Ni–Sn IMC layers at the solder/
substrate interfaces. This is different from the present results as
mentioned above, and is again probably related to the process used
to prepare the present SAC1Al/Cu samples which were reﬂowed
under 2%H298%N2 forming gas.
5. Conclusions
The effect of 1 wt% Al addition, into the basic 100Sn, 96.5Sn–
3.5Ag (SA) and 95.5Sn–3.8Ag–0.7Cu (SAC) solders, on the growth
rates of intermetallic compound (IMC) layers between the solders
and a Cu substrate has been investigated. The following conclu-
sions are drawn:
(1) The growth rates and thicknesses of Cu6Sn5 and Cu3Sn layers
in the SA/Cu and SAC/Cu systems are comparable with those
for similar reﬂow times reported in the existing literature.
(2) Addition of 1 wt% Al into the basic 100Sn, SA and SAC solders
slows down the growth rates of IMCs formed at solder/Cu
interfaces. The best result has been achieved in the SAC sol-
der with addition of 1 wt% Al. The reduction in the growth
rates of IMCs can be attributed to the formation and evolu-
tion of a layer of Al-containing IMCs within the bulk of the
solders and at the interfaces, as well as reduction in the
activity of Sn due to the existence of trace Al in the solders.
(3) The growth rates of Cu6Sn5 and Cu3Sn layers in the SAC/Cu
samples during isothermal ageing are both lower than all
those interpolated or extrapolated and calculated from the
results of the Cu/Sn, Cu/Cu6Sn5 and Cu3Sn/Sn diffusion cou-
ples reported in the existing literature. This may be associ-
ated with the present reﬂow process under forming gas
used to prepare the as-reﬂowed samples with different grain
size, orientation and boundary percentage.
(4) The addition of 1 wt% Al into the basic SAC solder can also
signiﬁcantly slow down the growth rates of IMCs in samples
subjected to isothermal ageing in air. This is accompanied
with an evolution of layered Al-containing IMCs within the
bulk of the solder, similar to that found during the reﬂow
process under forming gas.
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